Abstract: Polymer supported catalysts with different contents of metal ions where synthesized by wet impregnation of the degassed support from ethanolic solutions of cobalt(II) nitrate. A macroreticular copolymer of poly-4-vinylpyridine with divinylbenzene was used as the support. The prepared catalysts were tested in the partial oxidation of cyclohexane to cyclohexanol and cyclohexanone. Activity tests were performed in a stainless steel, laboratory scale, stirred autoclave, in the semi batch regime under isothermal and non-isothermal conditions. Isothermal experiments where performed at 170°C for 120 min. In the non-isothermal conditions. isothermal experiments where performed at 170°C for 120 min. In the non-isothermal experiments, a constant heating rate of 0.3 degree/min was used in the range between 110°C and 170°C. Non-linear, least-squares analysis with the simplex optimization method and numerical simulation of the reaction model in each iterative step was used for the kinetic characterization of the process in a non-stationary, semi-batch regime. Apparent rate constants were obtained as an invariant measure of the catalytic system. A non-linear effect of the content of metal ions on the reaction rate and on the ratio of the yield of the products was observed, which is attributed to a complex interactions between the reaction medium and the heterogeneous catalyst, including a catalyst-inhibition effect.
INTRODUCTION
The partial oxidation of cyclohexane (CH) to a mixture of cyclohexanol (CHL) and cyclohexanone (CHN) is an important homogeneous catalytic industrial process in which a soluble cobalt catalyst is used. Also, some quantity of cyclohexyl hydroperoxide (CHHP) is usually obtained, as a precursor of the main products CHL and CHN. The process is usually stopped at conversion values of 3-8 mol%, and selectivities of 70-80 mol% with a CHL/CHN ratio higher than one. If the process were allowed to proceed to higher conversion levels, large amounts of various byproducts would be obtained. Among the byproducts, mono-and di-carboxylic acids are the most important (adipic, valeric and succinic acid). To a certain extent, the deep oxidation products CO and CO 2 are usually also obtained. 1 There is general agreement in the literature that cyclohexane is oxidized in a radical-initiated reaction. [2] [3] [4] Recent kinetic and thermochemical analyses of the catalytic oxidation of lower alkanes confirmed that the formation of free alkyl radicals is the most energetically feasible process of activation of the initial molecule. 5 The reaction kinetics of CH oxidation depend not only on the mechanism of the heterogeneously or homogeneously catalyzed reaction, but also on the influence of the reactor walls, the mechanism of the uncatalyzed thermal oxidation process and mass transport limitations.
Mass transport of oxygen can sometimes be the limiting process for rate of CH oxidation, especially in large industrial reactors. Therefore, special attention must be given to mixing. Various reactor were designed to avoid this limitation in industrial applications. 4 Under laboratory conditions adequate mixing can be easily achieved.
At temperatures higher than 150°C, the oxidation of cyclohexane also occurs as a thermal, non-catalytic process. 3 The mechanism of the non-catalytic oxidation of cyclohexane is important since it also contributes significantly to the catalytic process. The reaction scheme of Kharkova with 19 reactions 3 was reported to give a good correlation with experiments. The application of this model is limited to conversion levels lower than 8 %. On the other hand, smaller models were used to explain the experimental results for particular reaction conditions, with a similar accuracy. 4 It was accepted in these simplified models that CHL and CHN are produced from CHHP through independent pathways, but also that CHL is further oxidized to CHN, which is further oxidized to the deep oxidation products.
Several authors investigated the influence of the reactor walls on the reaction kinetics of cyclohexane oxidation. 2, 6 When the reaction was performed in a glass reactor or a passivated one a significant amount of CHHP was obtained. However, when a stainless steel reactor was used, decomposition of the CHHP occurred to a significant extent and the main products where CHL and CHN. 6 The catalyst could not only have some impact on the initiation phase of the process, but also on the propagation stage. Several reactions have been proposed to explain the role of the catalyst in the oxidation of CH, but only the principal pathways are important for the global kinetics of the oxidation. The role of a catalyst is sometimes introduced into a model of the uncatalyzed reaction through the contribution of particular pathways to the value of the rate constants. Hence, for the catalytic oxidation of CH, models of the non-catalytic process were used with adjusted rate constants. A model of this type has already shown good results in the characterization of the process. 4 The amount of the active metal in the reaction zone seems to be critical for the proper behavior of the reaction system. If the amount of Co is too low, a significant fraction of CHHP is formed. On the other hand, if the amount of Co is too high, adipic acid and a lot of other byproducts are obtained. Moreover, it was noted earlier that if the amount of Co in the reaction system is higher than the amount of CHHP produced, the catalyst could have an inhibitation effect due to peroxo complex formation. 1 This process removes CHHP from the reaction, competing in this way with chain propagation reactions and, therefore, leading to a decrease in the oxidation rate.
A significant number of recent investigations into cyclohexane oxidation was focused on the heterogenation of batch reactions, which should afford an easily recoverable catalyst having a reactivity similar to its initial value with the possibility of adaptation to fixed and fluid beds. 7, 8 The kinetics of CH oxidation on a heterogeneous catalyst is a complex problem, for which no completely satisfying explanation exists yet. In some cases intriguing non-linear effects are observed, including periodic oscillations in the reaction rates. 7 It was reported that some heterogeneous catalysts could favor the formation of CHN over CHL. 9 An important contribution of heterogeneous catalysts to the patways of the free radical chain mechanism was confirmed by Sinev who claimed that "the overall reaction network includes both homogeneous and heterogeneous elementary reactions of primary and secondary free radicals". 5 A high preference for the formation of CHL and CHN with usual conversion levels in the oxidation of CH was achieved with polymer supported Co catalysts. 10, 11 There was no leaching detected despite the fact that leaching is known to be the biggest problem in the application of heterogeneous polymer supported catalysts generally. However, the activity of the polymer supported catalysts changed during the oxidation process and on reuse of the catalyst samples, the oxidation rates were lower, but the product ratio was retained at a level typical for a catalytic process rather than for a non-catalytic one, evidencing a modified catalytic activity in the second cycle. 12 In the present study, the effects of catalyst-inhibition on the kinetics of CH oxidation on polymer supported Co(II) catalysts were analyzed, and the chosen model of the process was fitted to the experimental results. For the modeling of the reaction kinetics, the small model of Alagy was the most appropriate among several simple models, because it includes only the most important reaction species monitored in our kinetic experiments. This property gave the possibility of comparing the model with the experiments in the most appropriate way.
EXPERIMENTAL

Catalyst preparation
Catalysts where synthesized by wet impregnation of the degassed support with ethanolic cobalt(II) nitrate solutions. A macroreticular copolymer of poly-4-vinylpyridine with divinylCo(II) CATALYSTS benzene P4PV-DVB (REILLEX-425, produced by Reilly Tarr & Chemical Corporation), was used as the support. 8, 13 The used polymer support was thermally stable below 240°C, in air. 10 g samples of P4VP-DVB were immersed in 100 ml or ethanolic cobalt(II) nitrate solution. After stirring for 3 h at 20°C, the solid P4VP-DVB-Co 2+ was filtered and washed. The solid powder was dried at 140°C for 24 h. The content of Co 2+ on the polymer samples was determined indirectly by measuring polarographically the amount of Co 2+ in the residual ethanolic solution (A0 -0.11 mass%, A1 -0.52 mass %, A2 -1.39 mass %, A3 -3.08 mass %, and A4 -5.72 mass %). Under employed preparation conditions, the formation of coordination bonds between Co and the pyridine rings of the polymer suport was to be expected. 8 
Activity measurement
Activity tests were performed in a stainless steel, laboratory scale (100 cm 3 ), stirred autoclave, with precise control of the temperature and of the stirring speed, produced by Autoclave Engineers. In all experiments the following conditions were used: air pressure 2.8 MPa, stirrer speed 350 rpm, and the air flow rate was maintained at about 100 cm 3 min -1 . The reactor was in a semi-batch regime, since the liquid substrate (CH) and polymer supported catalyst were charged at the beginning, but the oxidizer (air) was continuously supplied during the reaction. The composition of the liquid phase was analyzed by gas chromatography using a stainless steel column packed with 10 % Carbowax 20M on Chromosorb WAW, coupled to a flame ionisation detector. The composition of the gas phase was analyzed by gas chromatography using Hayesep D and Molecular Sieve 5A packed columns with a TCD detector.
Activity tests were performed under isothermal and non-isothermal, (temperature programmed oxidation -TPO) conditions. The isothermal experiments were performed at 170°C temperature for 120 min. In the non-isothermal, TPO experiments, after an initial fast heating up to 110°C, the temperature was increased to 170°C at a constant heating rate of 0.3 degree/min, and then mantained at 170°C for 10 min before the reaction was stopped. Several samples were analyzed in this time/temperature interval.
In the blank experiment, the reactor described above was charged with 75 cm 3 of cyclohexane only, to estimate the influence of the reactor walls. In all the catalytic tests the reactor was charged with an additional 1.5 g of a catalysts sample. Samples with different contents of Co were used.
It was considered that the mixing was fast enough for the system to be in the kinetic regime, which was confirmed in several tests at different mixing rates in the interval 150-450 rpm. There was almost no difference in the yields of CHL and CHN when the mixing rate was varied in this wide range. Good mixing was very important for this system not only to avoid diffusion problems, but also to obtain a fast dissolution of oxygen in the liquid CH. The autoclave reactor used in these experiments was particularly well equipped for gas-liquid reactions, since mixing was used to improve the contact between the two phases by convection.
In the leaching test, the catalyst and the liquid phase were separated at the end of the oxidation experiments and after digestion the liquid phase was analyzed. DP polarography and stripping voltammetry were perforemed with the use of a computer controlled instrumental set-up and an instrument model 757 VA Computrace (Metrohm). The leaching of cobalt was estimated to be less than 0.2 %, relative to the initial amount of cobalt.
Numerical procedure
As it was noted before, the reactor was operated in a non-stationary, semi-batch regime. Therefore, a numerical procedure was necessary for kinetic characterization of the preocess.
Non-linear, least-squares analysis with the simplex optimization method 15 was used to evaluate the optimal values of the rate constants for each kinetic test. In every step of the iterative optimization procedure, the numerical simulation was performed with the Gear algorithm 16 and the simulated concentrations were compared with the experimental ones in both the liquid and gas phase. The coupled rate constants were evaluated simultaneously, 17 from dimensionless forms of the dif-ferential equations, obtained from parametrization of the Stoichiometric Network Analysis. 18 The sequence at which the rate constants where evaluated was determined from mathematical analysis of the kinetic model. The procedure is explained in more details in the Appendix.
For evaluation of the rate constants, the model shown in Fig. 1 was obtained by simple modification of the Alagy's small model. 4 Only the last reaction in the original Alagy model was modified. Particularly, it was divided into the contributions of two independent pathways leading to CO or to CO 2 as the final product because the experimental results enabled the determination of the formal kinetic parameters of both pathways.
In the model (Fig. 1) only the rates of the deep oxidation reactions 5 and 6 are dependent on the oxygen concentration. This is the way to model the fact that reactions 5 and 6 are the most sensitive to the oxygen concentration, since several molecules of oxygen are needed for the oxidation of each molecule of CHN. Actually, the influence of the oxygen concentration on the oxidation rate is limited by the fact that oxygen has first to be dissolved in the CH before it can react. The concentration of the dissolved oxygen is limited by the solubility constant and is approximately constant during the process. 4 The role of the catalyst is introduced into the model through the contribution of the catalytic reactions to the overall reaction rate of the pathways which constitute the model in Fig. 1 . Therefore, the catalysts were characterized here by the evaluation of the optimal rate constants of the model, according to the experimental results. This approach gives a general picture of the catalyst activity and selectivity. However, it must be remembered that the obtained rate constants are only apparent ones.
RESULTS AND DISCUSSION
The concentrations of the main products in the liquid phase samples of the non-isothermal oxidations are presented in Fig. 2 , for CH oxidation in the blank reactor (BE), with polymer support (PVP) and with catalysts A0 and A4 (the samples with the lowest and highest contents of Co, respectively). It can be seen that the polymer-supported catalysts decreased the initial temperature of the oxidation process (Fig. 2) in comparison with the blank reactor. On the other hand, the polymer support itself influenced the reaction system in the opposite direction i.e., when polymer was present in the system without Co, the reaction started at even higher temperatures, probably due to the removal of free radical species from the solution, which is the usual effect of aromatic functionalities, sach as pyridine rings 19 from the PVP-DVB support. Moreover, it was observed that the oxidation rate increased with increasing concentration of the Co on the polymer. In combination with the results of the leaching tests (the leaching of cobalt was estimated to be less than 0.2 %, relative to the initial amount of cobalt), it was clearly proved that the supported Co ions were catalytically active during the cyclohexane oxidation. Obtained results at lower temperature values imply that prepared catalysts could be used for the CH oxidation at temperature lower then 160°C, with considerable activity.
The concentrations of the main products in both the gas (CO and CO 2 ) and the liquid (CHL and CHN) phase samples, from the isothermal experiments (170°C) are presented in Fig. 3 , for CH oxidation in the blank experiment (BE), and with catalyst samples having different contents of Co. At 170°C, a significant conversion was obtained in the blank reactor, without catalyst (Fig. 3, BE) . This uncatalyzed reaction partially covers the catalytic one. Probably the reaction on the reactor walls occurs, as was to be expected in a stainless steel reactor. The main products were cyclohexanol and cyclohexanone. Cyclohexylhydroperoxide was initially formed in significant amounts, but it actually passed through a maximum with reaction time and slowly disappeared there after. In addition, significant amounts of CO and CO 2 were detected.
Nevertheless, in catalytic experiments at 170°C (Fig. 3, A0 , A1, A2, A3 and A4) several changes were observed in comparison to the blank experiment (Fig. 3,  BE) . The main difference was that CHHP was almost completely decomposed in most of the catalytic systems. Only in the test with the catalyst A0, the one with the lowest Co content, was a significant concentration of CHHP measured during the initial phase of the reaction. Moreover, in all of the catalytic systems, the yields of CHL and CO decreased while the yields of CHN and CO 2 increased in comparison to the blank experiment. The described complex changes in the reaction kinetics, being dependent on the reaction conditions and time, had to be characterized through some invariant measure, such as the rate constant. The described numerical procedure was successfully applied in all cases. The obtained rate constants are summarized in Table I and the fitted kinetic curves are compared with the experimental results in Fig. 3 . The most important changes were obtained in the rate constants k 2 and k 3 , which were several orders of magnitude higher in the catalytic system, than in the blank reactor. Nonlinear dependencies of the rate constants k 1 and k 5 on the Co concentration on polymer were observed, with a noteworthy minimum for the sample A1. Furthermore, the rate constant k 6 first increased with increasing Co content and then remained a nearly constant at the higher Co contents.
On the other hand, it seems that the obtained variations in k 4 were caused by the numerical procedure rather than by the chemical process itself. The procedure converged to fairly low values of k 4 and it turned out that the system was not sensitive to a particular value of this parameter. Therefore, the obtained values for k 4 varied by several orders of magnitude, without having a significant effect on the reaction kinetics and without any correlation with the amount of Co on the support.
It was considered that the achieved approximate agreement between the levels of the product concentrations in the experiment and the simulation (symbols and lines in Fig. 3, respectively) was sufficient for the evaluation of the relative trends in the changes in the conversion and selectivity. Therefore, the numerical simulation with the obtained rate constants was further used to determine the set of process parameters in Table II . The conversion level of about 5 % was chosen for the comparison between the reaction systems. Several properties were analyzed: T 5% (duration period needed for the achievement of 5 % conversion) S KA (selectivity toward ketone and alcohol only, at 5 % conversion), S KAP (selectivity toward hydroperoxide, ketone and alcohol, at 5 % conversion), K/A ratio the in liquid phase (ratio between the concentration of ketone and alcohol, at 5 % conversion) and the CO/CO 2 ratio in the gas phase (at 5 % conversion). For almost all the catalyst samples (except for the sample A4 with the highest Co content), at 170°C, the oxidation rate was lower than in the blank experiment (the values of T 5% in Table II were higher). The T 5% conversion periods were directly correlated with the value of k 1 . The minimum in the k 1 values corresponds to the maximum in the T 5% values and, accordingly, to the minimum in the oxidation rate. This catalyst-inhibition effect is most significant for the A1 sample with 0.52 wt.% Co.
Moreover, at the 5 % conversion level, the selectivity (S KAP ) to the formation of a mixture of useful products, CHHP, CHL and CHN is practically unchanged by the presence of the catalyst. Hence, there was no change in the ratio of the partial to the deep oxidation. The principal contribution of the catalyst was that CHHP was almost completely decomposed in most of the catalytic systems (also in accordance with the rate constant k 2 and k 3 in Table I ), except in the system with the lowest Co content. Only the catalyst samlpes with a higher Co content (than 0.52 wt.%) were also somewhat active in the initiation part of the process, which was observed through the increase of k 1 and the decrease of T 5% .
In the present experiments, the CO/CO 2 ratio also changed with the presence of the catalyst, and this change was in correlation with the change of the CHL/CHN ratio. A particularly interesting fact was that the maximum in T 5% correlated with the minimum in the CHL/CHN ratio and in the CO/CO 2 ratio (Table II) . Hence, a reaction pathway probably exists in the catalytic system, which connects production of the CHL and CO on one hand, and the production of CHN and CO 2 on the other. The correlation between the T 5% values and the product ratios would also mean that the two different pathways have opposite influences on the rate of the overall CH oxidation. A more detailed model of the reaction mechanism would be needed to describe these observed properties and the reaction pathways.
The obtained differences in the product ratios means that the reaction mechanism of CHHP decomposition was changed in the catalytic system. The reaction mechanism of the deep oxidation is very important for the design strategy in order to achieve improvements in the process selectivity. However, there is not much information on this part of the reaction mechanism in the literature. CO formation was generally expected from the aldehyde groups (and/or corresponding radicals) in the byproducts of CHN over-oxidation. On the other hand, CO 2 formation was expected from the carboxyl groups.
At low conversion values, the reaction rate of the uncatalyzed CH oxidation (blank experiment) is kinetically controlled by the steady state reaction rates of CHHP formation and decomposition. The uncatalyzed reaction was probably inhibited by the catalyst through the formation of peroxo complexes with Co. 1 This process removes CHHP from the reaction mixture, completing in this way with the reactions of chain propagation, and therefore leading to a decrease in the oxidation rate. This pathway, which also leads to a lower cyclohexanol to cyclohexanone ratio, may be connected with the dehydration of cyclohexyl hydroperoxide on the polymer supported catalysts to cyclohexanone and water, as opposed to the free-radical decomposition mechanism of cobalt and of the uncatalyzed reaction.
Therefore, the overall oxidation rate is decreased when a low Co content (below 0.52 wt.%) is used.
The increased amount of the Co above 0.52 wt.% contributes by adding an excess of unoccupied Co, possibly active in the initiation part of the process.
Hence, increasing the Co content on the polymer up to 0.52 wt.% leads to an increase in the contribution of the reaction pathway corresponding to CHN and CO 2 production, and a decrease of the reaction pathway corresponding to CHL and CO production. At higher values of Co content (higher than 0.52 wt.%) the contributions of the both pathways rates were increased.
CONCLUSION
A numerical procedure for the kinetic characterization of the catalytic system was successfully applied. Apparent rate constants were obtained as an invariant measure of the catalytic system.
The initiation temperature of the oxidation process decreased in the presence of polymer supported Co, giving evidence of catalytic activity.
The influence of the Co concentration on the reaction kinetics at 170°C was strongly nonlinear. The increased CHHP decomposition rate was followed by inhibition of CHHP formation, resulting in a decreased oxidation rate for almost all the tested catalyst samples.
The selectivity to "peroxide, alcohol, ketone mixture" at 5 % conversion level was unchanged in the catalytic systems, and therefore the ratio between the deep and partial oxidation was the same, but the product ratios differed from those in the blank experiment.
The CO/CO 2 ratio also changed in the presence of the catalyst, and this change was in correlation with the changes in the other product ratio, indicating new reaction pathways which connect CHL and CO production on the one hand, and CHN and CO 2 production on the other. Katalizatori na polimernom nosa~u, sa razli~itim sadr`ajem metalnih jona, sintetisani su impregnacijom degaziranog nosa~a iz alkoholnog rastvora kobalt(II) nitrata. Makroretikularni kopolimer poli-4-vinilpriridina sa divinilbenzenom je kori{}en kao nosa~. Pripremqeni katalizatori su testirani u reakciji parcijalne oksidacije cikloheksana do sme{e cikloheksanola i cikloheksanona. Kataliti~ki testovi su izvedeni u laboratorijskom, autoklavu od ner|aju}eg~elika, pod izotermalnim i neizotermalnim uslovima. Izotermalni eksperimenti su izvo|eni na 170°C tokom 120 min. U neizotermalnim eksperimentima kori{}ena je konstantna brzina grejawa od 0,3°C/min, u intervalu 110 -170°C. Nelinearna analiza najmawih kvadrata sa simpleks metodom optimizacije u numeri~kom simulacijom u svakom iteracionom koraku, je kori{}ena za kineti~ku karakterizaciju procesa u nestacionarnom re`imu. Dobijene su prividne konstante brzine kao invarijantna karakteristika kataliti~kog sistema. Uo~eni su nelinearni efekti sadr`aja metalnih jona na brzine reakcija i na odnose koncentracija proizvoda. Ovi efekti su pripisani slo`enoj interakciji reakcione sredine i heterogenog katalizatora, koja ukqu~uje i inhibiciju. 
APPENDIX
The expressions for the rate equations in the used model (Fig. 1) , are given by:
where [O 2 ] means mols of oxygen in the gas phase divided by the CH volume and F is the flux of air through the reactor in the parts of the gas phase volume per unit time.
The rate constants could not be evaluated. Therefore, it was necessary to evaluate the coupled rate constants simultaneously. 17 Hence, significant decoupling of the kinetic parameters and computation savings were obtained when the differential Eqs. (1)-(6) were expressed in dimensionless form. The parametrization from the Stoichiometric Network Analysis was used here to obtain the dimensionless form of the differential equations 18 :
where (12) [CHN] ss = k k k
The concentrations were normalized to steady state values and the time was also normalized to the rate of the reaction 1 of the model (Fig. 1) . The rate constants are related with dimensionless parameters through:
k 2 + k 3 = ak 1 (15)
k 5 + k 6 = gk 1 (18) While the rate constant k 1 would be easy to obtain even from classical reaction kinetics, the other rate constants appear to be grouped in dimensionless parameters. However, the dimensionless parameters are almost completely decoupled in the dimensionless differential Eqs. (7)- (10) . On the other hand, the dimensionless form of the differential equations is not convenient for the direct estimation of the parameters. Therefore, we have to express the relation between the dimensionless variables and the concentrations explicitly.
[CH] = [CH] 0 . C (19)
For the evaluation of k 1 Eq. (7) has to be integrated only once, and (since [CH] 0 is known) k 1 as actually evaluated by optimization of the algebraic time-scaling Eq. (20) with the appropriate minimization criteria corresponding to the difference between the experimental [CH](t) and the simulted C(t) values.
In the next step, a was evaluated from differential Eq. (8). It was not possible to measure [CHHP] experimentaly with a satisfying accuracy. Therefore, the value of the CHHP decomposed, obtained from the numerical simulation was compared with the sum of all of its products measured.
Further, from Eq. (21), it can be seen that the constants b and d are coupled and so have to be evaluated simultaneously. The significant advantage of the proposed approach is that for each estimated value of b, only one integration of the differential Eq. (9), is preformed and then the optimal value of d is found from the algebraic Eq. (21). CHL was used for the minimization criterion in this step.
From the Eq. (10) the parameter g was simply evaluated with the value of CHN used for the minimization criterion. Finally, the rate constants were evaluated from the Eqs. (14)-(28). The evaluation of the separate values for the k 5 and k 6 from the original differential equations (5) and (6) for CO and CO 2 was then an easy task.
